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The mechanical vibrations of individual gold nanodisks nanopatterned on a sapphire substrate are 
investigated using ultrafast time-resolved optical spectroscopy. The number and characteristics of 
the detected acoustic modes are found to vary with nanodisk geometry. In particular, their quality 
factors strongly depend on nanodisk aspect ratio (i.e., diameter over height ratio), reaching a 
maximal value of ≈70, higher than those previously measured for substrate-supported nano-
objects. The peculiarities of the detected acoustic vibrations are confirmed by finite-element 
simulations, and interpreted as the result of substrate-induced hybridization between the 
vibrational modes of a nanodisk. The present findings demonstrate novel possibilities for 
engineering the vibrational modes of nano-objects.  
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The vibrational properties of nano-objects currently attract great interest, motivated 
by both fundamental questions and application possibilities. Their study provides information 
on the laws governing elasticity and energy transfer at the nanoscale.
1–4
 Moreover, their high 
sensitivity to mass deposition, resulting from the small mass of nano-objects and their high 
vibrational frequencies, makes them promising for mass sensing applications.
5–12
 Nano-object 
vibrations can be experimentally addressed using optics-based methods such as Raman and 
time-resolved spectroscopies, which enable the detection of a few vibrational modes and the 
measurement of their frequencies and, under certain conditions, of their decay rates.
13–18
 
Experiments performed in the last twenty years in this field have clarified the dependence of 
vibrational frequencies on nano-object size, shape, crystallinity and environment.
1,2,19–22
 In 
particular, their surprisingly accurate reproduction by continuum mechanics models, even in 
the case of ultrasmall (∼1 nm) nanoparticles,
23,24
 has been repeatedly demonstrated. However, 
many questions still remain open regarding the nature and efficiency of the mechanisms ruling 
the vibrational damping of nano-objects. In contrast with vibrational frequencies which are 
predominantly determined by intrinsic nano-object properties (e.g., composition, morphology 
and crystallinity),
1
 decay rates are very sensitive to the properties of the nano-
object/environment interface, which determine the efficiency with which acoustic waves are 
emitted in the environment. Additionally, a quantitative investigation of damping based on 
measurements on ensembles of nanoparticles is challenging because of the spurious 
inhomogeneous effects (i.e., the fact that nanoparticles in an assembly vibrate at different 
frequencies due to the dispersion of their morphology) affecting these experiments. Up to 
now, investigations of vibrational damping on ensembles of nano-objects have thus been 
limited to two types of nano-objects that could be synthesized with particularly low 
morphological dispersion (silver nanospheres embedded in glass
15




The development of time-resolved experiments on single nano-objects a decade ago 
has paved the way to a more detailed investigation of vibrational damping, allowing direct 
measurement of the frequency f, decay rate Γ and quality factor Q=πf/Γ associated to the 
detected vibrational modes.
26–29
 In such experiments, the value of Q is limited by two distinct 
categories of damping processes, namely radiative and intrinsic damping. The former 
mechanism refers to the conversion of localized nano-object vibrations into propagative 
acoustic waves in its environment by elastic energy transfer through the nano-object surface. 
Its associated quality factor, Qenv, strongly depends on acoustic mismatch
19
 and mechanical 
contact quality
7,10,30–35
 at the interface between the nano-object and its local environment. The 
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details of the latter mechanism, associated to a quality factor Qint, remain to be understood. 










        (1) 
 
 Acoustic coupling with the environment is the dominant damping mechanism in 
experiments performed on substrate-deposited nano-objects synthesized by chemical 
methods.
1,28,29,36
 Q values in the 5-50 range were measured for their detected vibrational 
modes, with a large interparticle dispersion, attributed to variations of the quality of the 
nanoparticle/substrate mechanical contact. Lower quality factors have been recently reported 
for lithographed nano-objects,
37–39
 resulting from lower Qint values as compared to chemically 
synthesized ones. Experiments on nanowires suspended over a trench have the advantage to 
enable an experimental estimation of both Qenv and Qint by comparing the acoustic behaviour 
of the same nanowire in air (where Q≈Qint) and liquid environments (where Q is given by Eq. 
1).
40–42
 As compared to nanoparticles, interpretation of the extracted Qint≈100 values is 
however complicated by the occurrence of an additional phenomenon, i.e. the propagation of 
acoustic waves along the nanowire away from its excited part.
42
 This overview highlights the 
still limited understanding of nano-object vibrational damping. In this paper, we demonstrate 
that the vibrational quality factors of substrate-supported nano-objects strongly depend on 
their morphology, and may be significantly enhanced for specific shape choices. To this end, 
systematic time-resolved studies were performed on individual gold nanodisks (NDs) 
nanopatterned on a sapphire substrate, chosen because of their potential technological 
relevance and of their shape, described by only two lengths, i.e., their diameter D and height h 
(with their aspect ratio defined as η=D/h) and allowing a large contact area with the substrate.  
Gold NDs with a diameter spanning the D=60-200 nm range and h≈20 or 40 nm 
thickness were nanopatterned by electron beam lithography (EBL) and lift-off techniques on 
the optically polished surface of a 480 µm thick (0001) α-Al2O3 single crystal (sapphire) 
substrate. The adopted procedures grant both a good morphology control and a clean 
disk/substrate interface. A large (10 µm) separation between NDs was chosen so as to allow 
optical investigation of a single ND and to avoid the acoustic cross-talk between the NDs 
occurring in phononic crystals
12,43
 and oligomers of close NDs.
44
 Several replicas of the above 
mentioned samples were built (in multiple deposition sessions) and measured so as to rule-out 
possible spot contamination and evaporation session-dependent effects. Atomic force 
microscopy (AFM) and scanning electron microscopy (SEM) characterizations of the NDs were 
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performed for a first selection of the best quality NDs. Complementary information on the 
circular character of the NDs was obtained by measuring their linear optical response using 
spatial modulation spectroscopy (SMS).
45–48
 This single-particle technique is based on the 
periodic displacement of a single nano-object in the focal spot of a tightly focused light beam, 
which induces a modulation of the transmitted light power (Fig. 1a). It enables the quantitative 
determination of the nano-object extinction cross-section σext as a function of the illumination 
wavelength λ and light polarization angle θ. SMS experiments were performed using a tunable 
Ti:sapphire oscillator combined with a visible optical parametric oscillator as light source, 
allowing ND optical characterization in the 540–1040 nm wavelength range. The light beam 
delivered by this source was focused down to the diffraction limit (about 0.7 λ full-width at 
half-maximum) on a sample by a 100X microscope objective, the direction of its linear 
polarization being controlled by a wire grid polarizer. Spatial modulation of the sample was 
performed at f=1.5 kHz frequency and lock-in detection at 2f. The dependence of σext on the 
incident light polarization direction θ shows two distinct behaviors among the individual NDs 
of the produced samples. For a fraction of them, σext is almost independent of θ, and its 
spectrum exhibits a quasi-Lorentzian peak associated to the ND dipolar localized surface 
plasmon resonance (SPR) (Fig. 1b-c).
47,49,50
 This behavior corresponds to the response expected 
for an ideal ND shape. Conversely, for many other NDs, marked variations of σext with θ occur, 
indicating a non-circular ND section, and leading to a ND acoustic response more complex and 
difficult to interpret. Such nano-objects were discarded in the present study. Fig. 1d shows the 
spectral position of SPR for the selected circular h=40 nm NDs, which linearly red-shifts for 
increasing ND aspect ratio. Such linear evolution is in agreement with the results of finite-
element simulations including the inhomogeneous ND environment (air and sapphire 
substrate) (Fig. 1d). The measured and modelled dependences however present a small shift, 
corresponding to an aspect ratio difference of 0.2-0.3. Such behaviour presumably results from 
the fabrication of NDs either cylindrical with a diameter slightly smaller (by about 10 nm) than 
that the nominal ones, or slightly conical, i.e. narrowing at their top (as reported in ref. 
37
).   
  Time-resolved experiments on individual NDs (Fig. 1e) were then performed by 
combining the SMS microscope with a two-color pump-probe setup based on the previously 
described femtosecond laser source, delivering ∼150 fs pulses. The oscillator pulse train was 
split in two parts to generate the pump and probe beams, a different wavelength being 
generated for one of them using either second harmonic generation or the optical parameter 
oscillator. Incident pump fluences of a few hundreds of µJ.cm
-2
 were typically used. The 
relative changes of probe beam transmission, ∆T/T, were measured as a function of the time 
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interval separating pump and probe pulses, controlled by a mechanical delay line. The time-
resolved signal measured for a ND with D=150 nm and h=40 nm (i.e., η=3.75) using a λ=950 
nm probe wavelength is shown as an example in Fig. 1f. It contains signatures of the creation 
of an athermal electronic distribution by pump pulse absorption and the induced relaxation 
mechanisms. The peak observed at short timescales reflects the ND ultrafast excitation and 
the internal gold thermalization on a ≈1 ps timescale (by electron-electron and electron-
phonon scattering mechanisms, process 1 in Fig. 1f).
51
 This impulsively launches ND acoustic 
vibrations (by a displacive excitation mechanism induced by thermal dilation), causing damped 
oscillations of time-resolved signals on nanosecond timescales (process 2 in Fig. 1f).
1
 This 
feature partly overlaps with a monotonic decay of the signal associated to ND cooling
52
 (i.e., 
dissipation of the thermal energy injected by the pump pulse also occurring on a nanosecond 
timescale, process 3 in Fig. 1f).  
The oscillating components of the measured time-resolved signals were isolated by 
subtraction of the internal thermalization and cooling contributions (Fig. 2). Each of the 
resulting signals was then fitted by one or two (depending on ND aspect ratio η) damped 
sinusoids, each associated to the contribution of a specific vibrational mode, allowing 
determination of its frequency, decay rate (and thus quality factor) and amplitude. The 
oscillating signals obtained for η>3.2 could be well fitted by a single damped sinusoid, 
corresponding to the detection of a single vibrational mode (the η=3.5 case is shown in Fig. 
2a). Conversely, for 2.2<η<3.2, the oscillating component displayed a beating pattern 
(particularly clear in the η=3 case shown in Fig. 2b) which could be successfully reproduced by 
considering two modes of close frequencies in the analysis. Finally, for 1.5<η<2.2, two modes 
with frequencies differing by a factor of about 2 were detected (Fig. 2d, corresponding to η=2). 
The conclusions of these time-domain analyses on single NDs of different morphologies were 
confirmed by calculating the energy spectral density (ESD) of the oscillating components 
(insets of Fig. 2), presenting a single peak for η =3.5 (Fig. 2a), two overlapping ones for η=3 
(Fig. 2b) and two well-separated ones for η =2 (Fig. 2d). 
 A striking result of these investigations is the large variation of vibrational lifetimes and 
quality factors with η. This effect is clearly visible in Fig. 2, where the signal obtained for η=2.5 
(Fig. 2c) presents a much larger number of oscillations than the other ones shown in this 
figure. It is further illustrated in Fig. S1 of the Supporting Information, which compares 
oscillating signals measured for a larger variety of η values. Figs. 2 and S1 show large variations 
of the number of oscillations occurring before mechanical equilibrium, i.e. of the highest 
quality factor detected for each η value, shown in Fig. 3a. In particular, measurements show a 
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dramatic enhancement of this quality factor around η≈2.5, which reaches Q≈70, a value larger 
than the 5-50 ones typically obtained for substrate-supported nano-objects.
1
 A second, less 
pronounced Q enhancement (Q≈30) occurs near η=6 over a broader η range.  
A complete summary of the measured characteristics of the detected modes is presented in 
Fig. 4a-b as a function of ND aspect ratio. The measured frequencies are shown in these two 
panels, while the corresponding Q factors (Fig. 4a) and integrated ESDs (Fig. 4b, associated to 
the efficiencies with which vibrational modes are excited and detected in the context of time-
resolved experiments) are presented through colour scales. In contrast with the sharp 
variations of quality factors with morphology changes, the measured frequencies smoothly 
vary with η, either slightly increasing with η for the low-frequency mode detected below η=2.2 
or decreasing throughout the full η range explored for the other modes. The low-frequency 
mode detected below η=2.2 has a quality factor (Q≈5) lower than the high frequency one 
(Q≈15) also detected in this range (Fig. 4a). The two modes observed in the intermediate η 
range present close frequencies but very different quality factors (Fig. 4a, with Q<10 for the 
lower-frequency mode, and Q=10-70, depending on η, for the higher-frequency one). 
Finite-element modeling (FEM) was performed to identify the detected modes and 
numerically estimate their frequencies and quality factors, as well as the efficiency with which 
they are excited in the context of ultrafast time-resolved experiments (i.e., by quasi-uniform 
initial heating). The FEM model was built by adapting the strategy to include nano-object 
environment described in a recent work
53
 to the case of our experimental configuration (see 
the text and Fig. S2 of the Supporting Information). Simulations were performed in the 
frequency domain, vibrational spectra being obtained by computing the average elastic energy 
stored in a ND as a function of the frequency of a periodical excitation (a uniform stress 
corresponding to the experimental case of a homogeneously excited ND being chosen). A 
perfect mechanical contact (i.e., continuity of displacement and normal stress) was assumed at 
the ND/substrate interface, and stress-free boundary conditions were used on the other ND 
faces. No intrinsic acoustic damping mechanism was considered in the ND and its environment 
(i.e., infinite Qint, so that the simulated quality factors correspond to Qenv).  
Fig. 4c-d presents the frequencies, quality factors and normalized spectral areas (by division 
by the maximal value obtained among the modes shown in the plot) extracted from the 
excitation vibrational spectra shown in Figs. S3 and S4 of the Supporting Information (only the 
two or three lowest frequency modes relevant for the analysis of experimental results are 
shown in these figures; the highest quality factor among these modes for each η value is also 
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shown in Fig. 3b). FEM simulations lead to a quantitative reproduction of the measured 
frequencies, thus allowing access to the displacement field of the detected modes (Fig. 5). 
Furthermore, they show that the partition of elastic energy among the ND modes dramatically 
varies with η (Fig. 4d), explaining why some of these modes become undetectable for some 
aspect ratios (e.g., the 10 GHz low-frequency mode for η>2.5; note that only a qualitative 
comparison between the experimental and simulated mode areas respectively shown in Fig. 
4b and 4d is possible, as simulations do not take into account the efficiency with which each 
mode is optically detected). The only oscillation detected in the high η range (η>3.2) is 
ascribed to a mode involving a non-uniform modification of both ND height and diameter 
(mode 1a in Fig. 5a). A mode involving ND bending also appears in simulations at a slightly 
larger frequency (mode 2a in Fig. 5a). Its computed spectral area decreases with increasing η 
(Fig. 4d), explaining why it could not be experimentally observed for η>3.2. However, for η≈3, 
the frequencies and excitation efficiencies of these two modes get closer, explaining the 
beating pattern observed in the time-resolved signal of Fig. 2b. In the low η range (η≤2.5), 
FEM simulations yield three relevant modes, whose displacement profiles are presented in Fig. 
5b for η=2.5. The two highest frequency ones (modes 2b and 3b in Fig. 5b) are however 
predicted to be excited with very different efficiencies for most η values (Fig. 4d), explaining 
the detection of only two modes with largely different frequencies in this low η regime (Fig. 
2d).  
The most important result of the presented FEM simulations is the large η dependence of 
vibrational quality factors that they predict (Figs. 3b and 4c). This dependence is in excellent 
agreement with experimental trends, also presenting large enhancement of the maximal 
quality factor near η=2.5, as well as a smaller and broader one near η=6 (Figs. 3a and 4a). The 
dependence of vibrational quality factors of substrate-supported nano-objects on their 
morphology can be qualitatively interpreted as the result of the hybridization of the ND normal 
vibrational modes induced by the presence of the substrate. Such hybridization leads to the 
loss of a well-defined (e.g., translational, quadrupolar-like or bending) character for vibrational 
modes, generating more complex displacement profiles (Fig. 5). The displacement and strain 
profiles at the ND/substrate interface, which rule the efficiency with which acoustic energy is 
radiated in the substrate by the ND, sensitively depend on the displacement fields of the 
normal modes being hybridized (and thus of the ND aspect ratio, the parameter varied in this 
study), on the strength of their interaction (depending on the acoustic mismatch at the 
ND/substrate, here fixed), and on the considered hybridized mode. As a result, hybridization 
produces modes with very different acoustic radiation efficiencies, generating poor quality 
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factors in some cases (such as that of mode 1b of Fig. 5b, for which Qenv=2) but also producing 
quasi-localized vibrational modes, effectively isolated from the substrate for specific modes 
and morphologies.  
The present study thus reveals new facets of vibrational coupling (i.e., substrate-mediated 
hybridization between different acoustic modes of the same nano-object) as compared to 
recent studies which addressed the interactions between vibrational modes of different nano-




 also showing that they induce frequency shifts 
and quality factor modifications. The substrate-mediated hybridization between the acoustic 
modes of a ND evoked here also presents a strong analogy with that affecting the plasmonic 
modes of nano-objects in strong electromagnetic interaction with a substrate, such as for 
instance silver nanocubes deposited on glass. In this case, substrate deposition of the 
nanocubes electromagnetically couples their dipolar and quadrupolar plasmon modes 
(respectively bright and dark, i.e. strongly and weakly coupled to light in the absence of 
substrate), producing two bonding and antibonding modes which are both detectable in the 
scattering spectra of single nanocubes.
57,58
  
The main difference between experimental results and those of the complete FEM 
simulations is the absolute value of the quality factors. In particular, the experimental maximal 
Q value is smaller than the computed one by a >50 factor (Fig. 3). This discrepancy could result 
from either an imperfect mechanical contact between the NDs and the substrate or from ND 
intrinsic damping (i.e., the Qint term in eq. 1), two effects not included in the simulations.  
The former hypothesis, related to the ND/substrate interface, is however unlikely, as the 
assumption in the modelling of a good mechanical contact at this interface is essential to 
reproduce the large quality factor variations with η (conversely, assuming a complete 
mechanical disconnection at the ND/substrate interface would yield a η-independent Q=Qint 
value). To confirm the weak influence of such interface effects, we experimentally and 
numerically investigated the effect of adding a 4 nm thick chromium adhesion layer between 
the NDs and their substrate, finding little modification of the measured quality factors (note 
however that time-resolved experiments are more challenging in this case, due to the SPR 
broadening induced by the adhesion layer
59
 which reduces the sensitivity of the optical signal 
to vibrations). This suggests that a gold-sapphire interface still enables an efficient 
transmission of acoustic waves from the NDs to the substrate, even in the absence of an 
adhesion layer.  
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Conversely, the hypothesis that the vibrational quality factors of NDs are significantly 
affected by intrinsic damping is supported by the fact that electron lithography typically 
produces nano-objects presenting many crystalline defects,
60,61
 which are a significant source 
of intrinsic damping.
22
 In two recent studies on gold and aluminium NDs, intrinsic damping was 
even demonstrated to be the dominant source of vibrational damping (i.e., Qint<Qenv in eq. 1), 
leading to low (≈10) Q values independent of the ND/substrate interface properties.
38,39
 This 
conclusion however differs from that drawn from studies on gold nanorings produced by 
colloidal lithography, where the acoustic radiation in the substrate was shown to be the 
dominant damping mechanism
62
, suggesting that the Qint value may strongly depend on the 
details of the fabrication procedure. Here, assuming that the difference between the maximal 
experimental and computed Q values obtained for η≈2.5  solely results from intrinsic damping 
and that Qenv is accurately described by numerical simulations, Qint≈Q≈70 is obtained for the 
NDs showing the largest Q values (1/Qenv being then negligible in eq. 1 for this aspect ratio). 
More generally, a good agreement between our experimental and modeled Q values could be 
obtained for all investigated NDs using Qint values in the 40-70 range. 
In conclusion, we have demonstrated both experimentally and through numerical 
simulations that the vibrational quality factors metal nano-objects on a substrate depend on 
their morphology, and that high quality factors can be achieved for specific shapes. Our study 
shows that an accurate choice of nano-object morphology can almost suppress its acoustic 
emission to the substrate, i.e. produce localized mechanical modes whose lifetimes are only 
limited by intrinsic damping mechanisms, enabling a detailed investigation of these 
phenomena. Minimization of the environment and intrinsic damping mechanisms, by tuning 
nano-object morphology and composition respectively, opens new perspectives for 
investigations of energy storage and transfer at ultrafast timescales and for nanosensing 




Supporting Information  
The Supporting Information is available free of charge on the ACS Publications website. 
Description of FEM simulations; oscillating components of time-resolved pump-probe transmission 
changes measured for a variety of ND aspect ratios (examples); FEM-computed excitation vibrational 
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Figure 1. Linear and time-resolved optical experiments on individual gold NDs lithographed on a 
sapphire substrate. a) Principle of SMS experiments. b) Quantitative extinction spectrum σext of a ND 
(h=40 nm, η=3), measured for the two orthogonal light polarizations respectively yielding maximal 
(black symbols) and minimal (red symbols) extinction at λ=805 nm wavelength. Lorentzian fits of the 
spectra are shown as solid lines. c) Measured polarization dependence of σext at λ=805 nm (black 
symbols) and fit with f(θ)=A+B sin2(θ+θ0) (green line). The very weak polarization dependences 
observed in panels b) and c) indicate that the investigated ND is quasi-circular. d) Aspect ratio 
dependence of the SPR spectral position measured for quasi-circular NDs (black triangles, each one 
corresponding to a single ND). The dashed red line shows the result of optical FEM calculations 
assuming a perfect cylindrical shape for the NDs and including their inhomogeneous environment. e) 
Principle of time-resolved experiments. f) Time-resolved relative transmission change, ∆T/T, 
measured on a ND (h=40 nm, η=3.75) using λpp=475 nm and λpr=950 nm pump and probe 
wavelengths, showing signatures of ND excitation and internal thermalization (process 1), acoustic 
vibration (process 2) and cooling (process 3).  
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Figure 2. Oscillating components of representative pump-probe transmission changes ∆T/T, 
measured for h=40 nm individual gold NDs with η=3.5 (a, using λpp=475 nm and λpr=950 nm pump 
and probe wavelengths), 3 (b, λpp=420 nm and λpr=840 nm), 2.5 (c, λpp=400 nm and λpr=800 nm) and 
2 (d, λpp=820 nm and λpr=600 nm) (black lines). The red lines correspond to fits with one or two 
damped sinusoids (see main text). The energy spectral densities (ESD) of the measured oscillating 
components are shown in the insets. 
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Figure 3. Highest quality factor a) of the experimentally detected vibrational modes (each dot 
corresponds to a single ND measurement) and b) of the FEM-computed modes as a function of ND 
aspect ratio η. 
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Figure 4. a-b) Experimental results: morphology dependences of the frequencies, quality factors (a) 
and normalized integrated ESD (b, reflecting the efficiencies with which each mode is excited and 
detected) of the vibrational modes detected in time-resolved experiments on h=40 nm NDs. 
Measurements on h=20 nm NDs were also included in these plots, the measured frequencies being 
divided by 2 as they are predicted to scale as 1/h for given ND aspect ratio. c-d) Results of FEM 
simulations: computed frequencies, quality factors (c) and normalized integrated ESD (d, reflecting 
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Figure 5. FEM-computed displacement profiles (vertical slices containing the ND center) of relevant 
vibrational modes of a h=40 nm gold ND on a sapphire substrate for a) η=4 and b) η=2.5. The 
displacement component in phase with the excitation is plotted, with its amplitude color-coded.  
 
  
Page 21 of 22



































































Page 22 of 22
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
